Of all the senses, smell is the least understood. Despite centuries of investigation, science can still offer no satisfying theory for why a particular substance smells the way it does. Nor do we understand in any detail how we are able to distinguish the smell of a peach from that of an apricot, or how a particular smell can trigger longforgotten memories of a distant time or place. Despite the very large number of pseudogenes among human olfactory receptor genes, there is no compelling psychophysical evidence that humans have a substantially worse sense of smell than monkeys, rats, or even dogs. Of course, there are procedural problems with comparing behavioral results collected from humans with those from species that cannot speak, because animals need to be trained to perform olfactory discrimination tasks, whereas humans are merely asked to report differences between odors. Nevertheless, it remains to be seen what specific advantages in odor detection the substantially larger repertoire of odorant receptor genes might confer to mice over humans. Smell is certainly economically important to our species, with sales of scented products constituting an annual market of over $25 billion dollars in the United States alone.
The molecular biology of smell The olfactory system of humans consists of several million olfactory sensory neurons arrayed in a sensory epithelium located inside the nasal cavity. Each of these sensory neurons expresses one of approximately 350 odorant receptor genes, which confers upon that neuron a specific sensitivity to the set of odor molecules that will bind and activate the respective odorant receptor. It is widely believed that only a small region of the odor molecule is recognized by a given odorant receptor. Therefore, unlike hearing or seeing, olfaction is not a spectral sense, but rather consists of a large number of sensors with different specificities and affinities. Any given odor may activate only a single receptor or many different receptors. On the other hand an odorant receptor can be very specific and only be activated by very few odor molecules or be more promiscuous and recognize a variety of odor molecules. We are far from a complete understanding of which odors activate which odorant receptors; however, the available data support the notion that the combinatorial activation of olfactory neurons has the potential to account for the extremely large number of different odors that can be detected. Measuring odor quantity and quality Olfactory psychophysics relies on simple tools (Figure 1 ): informed and consenting human subjects, odor stimuli, and a set of questions formulated to obtain clear and reliable answers from the subjects. Psychophysical studies have investigated the effects of age, pregnancy, neurodegenerative diseases, and environmental exposure on the sense of smell, as well as basic questions of odor detection and perception.
Psychophysics can be used to measure detection and identification thresholds, the amount of stimulus needed to detect and identify an odor, respectively. The detection threshold is the lowest concentration at which a stimulus can be perceived and is usually measured by comparing the odor intensity of the odor at a very low concentration with the odor intensity of the solvent. The identification threshold is the lowest concentration at which an odor can be identified and is usually considerably higher than the detection threshold. One effective, simple and widely used method is the 'single staircase detection threshold' method, which involves of a number of pairwise presentations of odors ( Figure 2 ). The detection thresholds of different odorants have been shown to vary widely, from 0.00001 to 500,000 parts per billion. Even more interestingly, the detection thresholds vary between people. A lowered sensitivity to one but not all odorants is called 'specific anosmia'. Specific anosmias to musk odors are extremely common and have a genetic basis, although the specific recessive gene defect has not been mapped. In humans and mice, specific anosmias to the rancid smell of isovaleric acid have been documented, and in mice have been mapped to a chromosomal region that contains a number of odorant receptor genes. The extent to which these specific anosmias are a direct cause of polymorphisms or mutations in odorant receptor genes is an interesting avenue for future research.
While determining the odor threshold is relatively straightforward, the problem of assigning a description or quality to a given odor is extremely difficult. Untrained subjects will have no problem reporting that they smell something, but may be incapable of describing the smell using words. Such difficulties are less frequent in psychophysical studies that probe the auditory or visual systems. Despite these inherent difficulties, many experimental designs have been employed in an attempt to determine perceived odor quality. Odors can be profiled, a semantic method in which descriptors from a list are assigned to an odor (Table 1) . Odor profiling involves comparing the test odor to mentally stored odor templates, with the list of 146 descriptors serving to jog the memory. The subject has to recall a 'fishy' or 'fruity' odor to assign these descriptors to an odorant. Such profiling has been performed by a large cohort of subjects and when averaged, consensus odor qualities can be extracted. Although it is in widespread use and generally effective, this method has some obvious flaws. Ratings from many subjects must be averaged, which of necessity obscures potentially interesting inter-individual differences in perception. The semantic descriptors, first published by Dravnieks in 1978, are vulnerable to becoming dated as they age and may be incomprehensible to subjects from different cultural backgrounds or non-native English speakers. For instance, while descriptors such as 'sweet' and 'coffee' are likely to remain relevant for the foreseeable future, many contemporary subjects may be baffled by 'kippery' and 'anise, licorice' unless they have direct experience with these smells.
A more direct, non-semantic approach is to compare the odor under investigation to reference odors and use the perceived similarity between odorants to describe the odor. For instance, if an odor is more similar to a floral odor reference than to a musky one, it would be grouped among the floral odors. A serious conceptual problem with this approach is the question of what constitutes a reasonable reference odor. At best, one ends up with a list of floral or woody or musky odors, but the uniqueness of a given odor may be lost for lack of words to describe it. The multidimensionality of the odor identification problem using references would be analogous to asking subjects to group fine art paintings by similarity. Is the Degas more similar to the Vermeer or the Matisse? Is an eight-carbon alcohol more similar to a seven-carbon alcohol or an eight-carbon aldehyde? In both scenarios results can be highly idiosyncratic, arbitrary, and influenced by prior experience. Nevertheless, in the absence of better methods, similarity can be inferred from measures of stimulus discriminability, similarity rating, or grouping of odorants according to similarity. Stimulus discriminability can be measured with a variety of forced choice experiments that, for instance, require subjects to pick the odd odor from a group of three choices. If two odors are reproducibly grouped as being the same, the subjects are scored as not discriminating the odors. All similarity assessments of this type are complicated by the fact that they may measure differences in odor intensity rather than odor quality. Furthermore, odor quality depends on odor concentration: two odorants that smell similar at low concentration may smell different at high concentration. Semantic odor quality rating chart after Dravnieks. Subjects are presented with an odor and asked to rate the suitability of 146 odor descriptors on a scale from 0 (no resemblance to odor) to 5 (extremely good description of odor). The odor profile of a given chemical obtained in this way has been shown to be stable when averaged across relatively large sample sizes.
